A novel type of macroscopic microbial community consisting of large dendritic filaments (up to 1.5 m) in a pH 2.0 dam of the River Tinto (South-western Spain) is described. The combined use of 16S rRNA-gene surveys and fluorescent in situ hybridisation (FISH) suggested that c-proteobacteria and a relative large diversity of a-proteobacteria dominated these structures. b-proteobacteria, Actinobacteria and Firmicutes were also detected. Whereas acidophilic bacteria of the genera Acidithiobacillus, Leptospirillum and Acidiphilium, and archaea belonging to the Thermoplasmatales dominate mine acid drainage waters and streamers (riverbed filamentous biofilms), none of the lineages identified in this study affiliate to typical acid mine drainage acidophilic bacteria. Bacteria of the Tinto macrofilaments might be heterotrophic, and could be feeding on the organic matter entrapped in the filamentous structure.
Introduction
Extremely acidic environments (pH<3) are relatively rare on our planet and generally associated with mining regions. In this context, low pH is most frequently generated by leaching of minerals rich in sulphur or metal sulphides with the concomitant production of sulphuric acid. Concurrently, low pH facilitates metal dissolution in water and, therefore, acidic waters are often highly metalliferous. The oxidation of metal sulphides in the presence of water and oxygen is a natural chemical process that can be greatly enhanced by the activity of chemolithotrophic prokaryotes [1, 2] . Due to their biotechnological potential for mineral bioleaching, the microbiology of acid mine drainage has been extensively studied in systems from different geographical areas. A variety of microbial species populate these environments but, both classical isolation methods and molecular techniques reveal that the planktonic prokaryotes thriving in mining acid waters are generally dominated by chemolithotrophic bacteria of the genera Acidithiobacillus and Leptospirillum and by the heterotrophic genus Acidiphilium. In addition, acidophilic, moderately thermophilic (Thermoplasmatales) to extremely thermophilic (Sulfolobales) archaea are frequently identified [2] [3] [4] . This trend has also been reported for the River Tinto, an acidic stream of $100 km that springs up in a mining region in South-western Spain and flows for several kilometres through a massive pyritic formation, the ''Iberian pyritic belt'' [5, 6] . Iron-oxidising bacteria of the two genera Acidithiobacillus (c-proteobacteria) and Leptospirillum (Nitrospira) have been recurrently observed in the acid (pH 2.0-2.5) and iron-rich (1-10 g l À1 ) waters of the river, with counts up to $2 Â 10 8 cells ml À1 [6] . This has been corroborated by recent molecular work using fluorescent in situ hybridisation (FISH) with specific oligonucleotide probes, which showed that members of these two genera and of the a-proteobacterial genus Acidiphilium account for most of the prokaryotic microorganisms detected [7] .
In addition to the planktonic bacteria in the Tinto, the riverbed is covered at many sites along its course by microbial communities that can form extensive biofilms, as we have recurrently observed. Some of them adopt filamentous morphologies in flowing water, the so-called ''acid streamers'', frequently encountered in other acid mine drainage sites [8, 9] . However, we report here macrofilamentous communities that differ significantly from previously described acid streamers. Data on the microbial diversity of these macrofilaments based on 16S rRNA-gene sequences and FISH using probes targeting the major bacterial groups are presented.
Materials and methods

Sampling and microscopy observations
Samples were collected on May 2003 at the edge of a small dam (Fig. 1) . Temperature, pH and conductivity were measured in situ with microelectrodes; pH values were also measured using acid-range (0-6) pH paper strips. Filament fragments were directly introduced in sterile Falcon tubes and fixed with ethanol in situ to a final concentration of $80%. After two days, and once in the laboratory, samples were stored at 4°C. To reveal the presence of the mucilaginous coat covering the filaments, Indian ink was added to individual preparations prior to observation using a stereomicroscope (Leica MZ6) and a light inverted microscope (Olympus IX50).
Nucleic acid extraction and 16S ribosomal RNA gene libraries
Filament fragments were re-hydrated and extensively washed in phosphate buffered saline (PBS, 130 mM NaCl, 10 mM phosphate buffer, pH 7) to minimise the possibility of contamination by planktonic microorganisms from the surrounding river water. Nucleic acid extraction was carried out by two methods, the SoilMaster TM DNA extraction kit (Epicentre) and a classical phenol-chloroform extraction. For the latter, washed filaments were incubated overnight at 55°C in 80 lg ml À1 proteinase K, 1% sodium dodecyl sulphate (SDS), 1.4 M NaCl, 0.2 b-mercaptoethanol and 2% hexadecyltrimethylammonium bromide (CTAB). Lysates were then extracted once with phenol, once with phenol-chloroform-isoamylalcohol (24:24:1), and once with chloroform-isoamylalcohol (24:1). Nucleic acids were precipitated with 0.1 volumes of 3 M sodium acetate, pH 5.2, and 2.5 volumes of ethanol [10] . 16S rRNA genes were amplified by PCR using the bacterial-specific primer 63F (CAGGCCTAACACATGCAAGTC) and the prokaryote-specific reverse primer 1397R (GGG-CGGWGTGTACAAGGC). PCR reactions to detect archaeal members were done using primers 23FLP (gcggatccgcggccgctgcagaYCTGGTYGATYCTGCC; lower case letters correspond to a polylinker region) and 1492R (GGTTACCTTGTTACGACTT). PCR reactions were performed under the following conditions: 30 cycles (denaturation at 94°C for 15 s, annealing at 50°C for 30 s, extension at 72°C for 2 min) preceded by 2 min denaturation at 94°C, and followed by 7 min extension at 72°C. For some amplification reactions, dimethyl sulfoxide was added to a final concentration of 3-5%. Four bacterial rDNA clone libraries were constructed by cloning PCR amplicons from independent PCR reactions made with DNA extracted by the two methods. Cloning was done using the Topo TA Cloning system (Invitrogen) following the instructions provided by the manufacturers. After plating, positive transformants were screened by PCR amplification of inserts using flanking vector primers (T7, TAATACGACTCACT-ATAGGG; M13R, CAGGAAACAGCTATGAC).
Sequence and phylogenetic analyses
A total of 66 expected-size amplicons from these libraries was partially sequenced (lengths from 808 to 1031 nucleotides) with the primer 63F (Genome Express). Closest relatives to our sequences were identified in databases by BLAST [11] and retrieved from GenBank (http://ncbi.nlm.nih.gov/). Sequences were automatically aligned using the program BABA (H. Philippe, unpublished) to a 16S rRNA gene alignment containing $16,900 sequences. The multiple alignment was then manually edited using the program ED from the MUST package [12] . A preliminary phylogenetic analysis of all partial sequences was done by distance methods (neighbour-joining, NJ) using the program MUST, allowing the identification of identical or nearly identical sequences and the selection of representative clones for subsequent analysis. 17 representative sequences were selected to be included in a phylogenetic tree, together with their closest relatives in GenBank and some cultivated species. A total of 723 positions were used in our analysis after removal of gaps and ambiguously aligned positions. The maximum likelihood (ML) tree was done using TREEFINDER [13] applying a general time reversible model of sequence evolution (GTR), taking among-site rate variation into account by using an eight-category discrete approximation of a CÀ distribution (invariable sites are included in one of the categories). The a parameter of the C distribution estimated from the sequence set was 0.29. ML bootstrap hybridisation experiments using the universal probe for bacteria EUB338 and a specific probe for a-proteobacteria (j, k) c-proteobacteria (l) and actinobacteria (m). In all cases panels correspond, from left to right, to DAPI staining, fluorescein-labelled bacterial-universal probe, Cy3 0 -labelled specific probe, and dual hybridisation (specific + bacterial probe) image. Scale bars correspond to 10 cm (a, b, d, e, f), 1 mm (h), 10 lm (g, i) and 2 lm (j, k, l, m).
proportions were inferred using 1000 replicates. The sequences reported in this study were submitted to GenBank with Accession Nos. AY475192-AY475208 (see also Fig. 2 ).
Fluorescent in situ hybridisation (FISH)
Visualisation of cells belonging to different phylogenetic groups was done using the following specific probes:
0 -TATAGTTACCACCGCCGT-3 0 ) for actinobacteria [14] . Fragments of the filamentous community were re-hydrated and extensively washed in PBS. Filament fragments suspended in PBS were squeezed between glass slide and cover-slide. Filaments disrupted in this way were recovered and diluted in PBS. Droplets of a 1:1 mixture of this suspension and 0.5% low melting agarose (Seaplaque GTG Ò agarose) were placed onto 10-well glass slides. Samples were let dry and then dehydrated by a 2-min immersion in 50%, 80% and 100% ethanol. Hybridisation conditions were optimised by testing each probe against a collection of different bacterial species maintained in the laboratory. In all cases, hybridisation was done at 46°C for 2-4 h using 5 ng/ll of probe in 0.9 M NaCl, 20 mM Tris-HCl pH 8, 0.01% SDS containing varying formamide final concentrations (from 0 to 60%). The best results were obtained with 10-40% formamide depending on the specific probe used: 20-30% for the a-proteobacterial probe, 40% for the c-proteobacterial probe, and 10% for the actinobacterial probe. Samples were then washed during 15 min at 48°C in 20 mM Tris pH8, 5 mM ethylene diamine tetraacetic acid (EDTA), 0.01% SDS, containing NaCl concentrations varying from 0.55 to 0.056 M (for 10-40% formamide concentration used during hybridisation). Samples were air-dried before 4 0 ,6-diamidino-2-phenylindole-2HCl (DAPI) staining (1 lg/ml, 2 min), then washed with water and dried again. Citifluor AF3, PBS solution (Agar Scientific) was added on samples to enhance fluorescence. Positive and negative control samples were included in all the experiments. Hybridisations were observed under a Zeiss Axiophot epifluorescence microscope using specific filters for different wavelength emission.
Results and discussion
Sampling site observations
The River Tinto bears extensive communities of filamentous acid streamers that measure a few centimetres in length and lay on its bed at different locations ( Fig. 1(a) and (b) ). In addition to these, we have observed during various years filaments that, in visible contrast to previously described acid streamers, were considerably longer and laid on the surface of calm waters. The macrofilament samples that were used for this work were attached to the wall of a small still dam in the river. They laid on the surface forming dendritic ramifications that could exceed 1-1.5 m in length ( Fig. 1(d)-(f) ). Close to the attachment point, the whitish-yellowish macrofilaments formed bands that could reach up to 5 cm thick, which were aligned perpendicular to the water surface ( Fig. 1(f) ). At the surface, the water temperature was 21°C and conductivity 4.08 mS, but these values varied with depth. Temperature decreased to 19.4 and 18.4°C at 1 and 1.5 m depth, respectively, whereas conductivity increased to 4.22 and 4.5 mS, respectively. The pH at the surface where the filaments laid was 2.0; this value correlated well with previous records. The pH at this exact point oscillated seasonally from a minimum of 1.67 (spring) to a maximum of 2.19 (summer) in the year 1995 (see sampling point RT4 in [5] ). The metal content at this point was very high, particularly that of total iron, which reached values of up to 7.5 g l À1 , but also copper (up to 66 mg l À1 ) and zinc (up to 250 mg l À1 ) [5] . Given the high metal content and the low pH values at this site, we wondered whether these filaments were integrated by common acidophilic species that are dominant in biofilms and streamers in acid mine drainage. The latter appear to be composed in large part by members of the bacterial genera Leptospirillum and Acidimicrobium or archaea belonging to the Thermoplasmatales [3,9].
Bacterial molecular diversity studies
Microscopic observations of the macrofilamentous communities revealed a variety of prokaryotic morphotypes, but also the presence of eukaryotic algae, protozoa, fungi and pollen grains ( Fig. 1(g) and (h) ). The whole community was embedded in a thick mucilaginous coating as shown by negative staining with Indian ink (Fig. 1(h) and (i) ). In order to get an insight into the composition of this microbial community, a 16S rRNA-gene sequencing approach was first used. To minimise biases due to DNA extraction methods and PCR reactions, four different gene libraries were constructed using DNA extracted with different protocols and cloned amplification products from independent PCR reactions (see Materials and methods). From the four bacterial 16S rRNA gene libraries, 66 clones containing inserts of the expected size were selected and partially sequenced. Our gene libraries were dominated by phylotypes belonging to the c-proteobacteria (50%) and to the a-proteobacteria (36%), but a few members of the b-proteobacteria (3%), Firmicutes (8%) and Actinobacteria (3%) were also observed. Attempts to amplify archaeal 16S rRNA genes failed (not shown). Most bacterial phylotypes turned out to be close relatives to isolated species (Table 1 and Fig. 2) . Interestingly, none of our sequences was related to typical acidophilic species from acid mine drainage plankton or streamers, including those that dominate River Tinto waters (Fig. 2) . Within the c-proteobacteria, the most abundant phylotypes were very closely related to Pseudomonas species possessing pyoverdins, fluorescent pigments that are powerful Fe(III) scavengers and transporters [15, 16] . The possession of this type of ironsequestering pigments would be of obvious interest for microorganisms living in the extremely Fe(III)-rich waters of the River Tinto. Curiously, one phylotype (RT03-3B-8) was a close relative to one Halomonas-like isolate from the Lake Nakuru, an alkaline (pH 10-10.5) and hypersaline environment [17] . Also, one of our Firmicutes sequences (RT03-H42) was related to halotolerant and alkaliphilic Bacillus spp. (Table 1) . Thus, it is tempting to speculate that the adaptations of halotolerant microorganisms may serve them to cope also with high ionic strength due to metal ions. In fact, different sulphur-oxidising bacteria isolated from the River Tinto grew optimally at 2% NaCl, very well at 5%, and two strains were even able to grow at 10% NaCl [6] . The second most represented group in our libraries was that of the a-proteobacteria. Despite the fact that it was also the group encompassing the largest diversity in our libraries, sequences related to the Acidiphilium-Acidosphaera cluster were not retrieved (Fig. 2) . Most of the a-proteobacteria belonged to the Sphingomonadales, although several affiliated to various species within the Caulobacterales and one clone, RT03-HC-29, was closely related to a recently described family of soil bacteria within the Rhodospirillales [18] .
Fluorescent in situ hybridisation
FISH analyses were carried out to complement the information based on 16S rRNA gene sequences. The use of group-specific probes would allow both to identify the morphotypes of each bacterial group in the filaments, and to check whether the phylogenetic lineages that appeared more frequently in 16S rRNA gene libraries, i.e., c-proteobacteria and a-proteobacteria, seemed also abundant in the filaments. We tried various methods to disrupt the filaments and release the individual cells in order to make quantitative analyses (e.g., vortexing, gentle sonication, manual scratching). However, it was impossible to completely disrupt the filaments without damaging the cells due to their glutinous and thick mucilaginous coating. Since cells remained in clumps, precise cell counts were not possible. Furthermore, the distribution of bacterial types in the filament showed to be quite heterogeneous, possibly due to the colonial growth of different species within the filaments. Therefore, only approximate information about relative abundance was obtained. First, the use of bacterialspecific probe EUB338 showed that, to the exception of a few eukaryotes (easily recognisable by their morphology), virtually all cells were bacterial. These results were in agreement with our inability to amplify archaeal 16S rRNA genes from the filaments. Subsequently, we carried out single and double hybridisation experiments using probes specific for a-proteobacteria, c-proteobacteria and actinobacteria ( Fig. 1(j)-(m) ). The a-proteobacterial probe allowed the identification of various morphotypes including rods and colonies of cocci ( Fig. 1(j) and (k), respectively). This morphological variety seemed to be in agreement with the diversity of a-proteobacterial sequences previously identified. In contrast, all cells that hybridised with the c-proteobacterial probe showed a rod morphology ( Fig. 1(l) ). Although a precise quantification was not possible, the c-proteobacteria appeared to be the most abundant ( Fig. 1(l) ), followed by the a-proteobacteria. Occasionally, actinobacterial cells were detected ( Fig. 1(m) ).
Concluding remarks
In the present work, the major prokaryotic components of conspicuous dendritic macrofilaments floating in the metal-rich and extremely acidic waters of the River Tinto have been identified. These appear to be mostly built by bacteria belonging to the c-and a-proteobacteria subdivisions, accompanied by minor populations of other bacterial groups. However, the c-and a-proteobacterial sequences obtained are not related to acidophilic species of those bacterial groups found in acid rivers. Therefore, this microbial community seems clearly distinct from both, that inhabiting the River Tinto waters and those found in acid streamers and mine drainage biofilms [3, 6, 7, 9] .
Most of our sequences were very similar to those of cultivated species. Our phylotypes are closely related to heterotrophic species, many isolated from soils or waters contaminated with metals ( Table 1 ). The bacterial metabolic properties cannot be generally deduced by the similarity of 16S rRNA gene sequences. Nevertheless, given the high similarity found between our sequences and those of cultivated species (>97%, i.e., belonging to a same species according to currently accepted taxonomic criteria), it could be speculated that at least a proportion of the bacteria in the Tinto macrofilaments are heterotrophic. The presence of permanent heterotrophic filaments in acidic lakes has been previously documented [19] . Those filaments from acidic lakes are mainly composed by bacteria, a proportion of which correspond to Caulobacter-like a-proteobacteria [19] , similarly to our observations in the River Tinto filaments. If the bacteria in the Tinto macrofilaments are heterotrophic, they might feed on the organics produced by photosynthetic algae and, to a larger extent, on the organic matter floating in the water. The dendritic structure might serve as a net to trap floating material (e.g., small insects, pollen grains and plant debris, which were indeed abundant in the macrofilaments) as well as to facilitate flotation. The adhesive properties of the mucilaginous coating might enhance the effectiveness of this collecting system. This mucilage could also serve to protect the inner microbial community from the external extreme conditions, assuring a milder environment. In fact, it is not known at present if the bacteria forming these structures are acidophilic or if they are just neutrophilic organisms that produce and maintain a particular microniche. This study shows that mine acid drainage environments can host a variety of microbial communities that appear to develop different physiological and adaptive strategies to cope with low pH and high metal content.
